In aero-engines it is possible for the blades of the compressor, turbine or fan to incur into their casings. At these interfaces a lining of composite abradable material is used to limit damage to components and thereby sustain the efficiency and longevity of the engine as a whole. These composite materials must have good abradability and erosion resistance. Previously, the wear mechanisms at the contact between the blade and the coating have been characterised using stroboscopic imaging and force measurement on a scaled test-rig platform. This work is focused on the characterisation of the wear mechanism for two different hardnesses of abradable lining. The established stroboscopic imaging technique and contact force measurements are combined with sectioning of the abradable material in order to analyse the material's response during the tests. A measure of the thermal properties and the resulting temperature of the linings during the test have also been made to further understand the effect of coating hardness. The wear mechanism, material response, contact force and thermal properties of the coating have been used to characterise the different material behaviour with different hardness. At low incursion rates, with a soft coating, the blade tip becomes worn after an initial adhesive transfer from the coating. Post-test sectioning showed blade material and significant compaction present in the coating. The harder coating produced adhesion on the blade tip with solidification observed in the coating. Thermal diffusivity measurements and modelling indicated that thermally driven wear observed was as a consequence of the increased number of boundaries between the metal and hBN phases present interrupting heat flow, leading to a concentration of surface heat. At higher incursion rates, the wear mechanism is more similar between the coatings and a cutting mechanism dominates producing negligible adhesion and blade wear.
Introduction
Abradable linings [1] [2] [3] [4] [5] are composite materials used on the inside of aero-engine casings. During engine operation the rotating blades may strike the wall of the casing. Without the presence of the lining this leads to blade wear and damage, increasing the overall clearance between the blade tips and casing wall, causing an associated decrease in overall sealing efficiency and engine performance. When a lining is used, the abradable wears in preference to the blade, and wear becomes a localised event with overall efficiency broadly maintained. Additionally, in many cases aero-engines are designed such that the blade tip cuts a sealing track within the abradable on first use, leading to good circumferential sealing through enshroudment of the blade.
Abradable materials are required to wear easily on contact with the blade but provide good erosion resistance. These properties are typically achieved by a metallic coating with a dislocator or solid lubricant added. These coatings are thermally sprayed using a plasma gun, 6 with the coating process having a significant impact on the functional properties achieved by the material. 7 Vardelle and Fauchais 8 investigated the influence of thermal spraying parameters such as arc current, particle velocity, and primary gas flow on achieved material properties and, in particular, demonstrated their influence on superficial hardness. Further to this study, Dorfman et al. 9 analysed the influence of particle velocity and temperature when spraying nickel-based abradables, and observed an increase of deposition efficiency as these parameters increased, and also noted effects on mechanical properties.
A frequent industry requirement is to increase abradable hardness in order to maximise erosion resistance. This has led to a series of studies with a particular focus on this measurement. Lugscheider et al. 10 investigated the effect of an increase of the primary flow, and whilst having a positive impact on deposition rate decreased the hardness. In the same study it was also noted that an increase of the input current was observed to increase the plasma temperature and lead to a harder coating. This type of study was repeated with similar conclusions by Oerlikon Metco, 11 with the specific aim of identifying parameters to achieve increased hardness in AlSihBN-based abradables, a common material used in aero-engine compressors.
In parallel to these investigations, studies have been undertaken investigating the erosion resistance of abradable materials in relation to coating hardness, with both Wilson 4 and Yi et al. 12 concluding an increase of the hardness similarly increased erosion resistance.
Multiple studies have been performed investigating the wear mechanics of abradable materials in response to blade incursions for different incursion rates and blade speeds. Bounazef et al. 2 and Fois et al. 13 investigated the AlSi-hBN versus Ti(6,4) rub, which is the subject of this paper, finding that: at high incursion rates the abradables cut effectively but at low incursion rates the abradable material transferred to the titanium blades. Borel et al. 5 tested with two slightly different AlSi-plastic abradables against titanium blades and observed both melt wear and adhesive transfer at low incursion rates. This difference they attributed to the type of plastic in each abradable.
Despite the interest in hardness from erosion and thermal spray studies no studies have been identified that have investigated it is effects during wear testing. Therefore, in this study, a scaled test rig capable of replicating the wear mechanism observed in aeroengines [13] [14] [15] will be used to explore the influence of superficial abradable hardness on abradable wear mechanics in response to a blade incursion. This will be undertaken using stroboscopic imaging of blade wear, force and temperature measurement, as well as material sectioning and thermal modelling.
Methodology

Test rig and set-up instruments
The outlined investigation is performed on a scaled test platform capable of re-producing similar wear mechanisms for blade and abradable material samples as to those observed from aero-engines.
14 Previously, the test platform has been described in detail [13] [14] [15] and a brief summary of its construction and operation is presented here. As shown in Figure 1 (a), the rig is based around a 13 kW machine tool spindle that has a maximum speed of 21,000 r/min. Blade samples are then mounted within a rotating metal disc, which is attached to the spindle using a HSK-C40 tool coupling. The rotating disc contains both a removable blade sample that is used to incur the abradable material, along with a dummy blade in a position 180 opposed to the test blade for balancing. Abradable samples are then mounted below the rotating disc on top of a Z-axis microscope stage, which is then used to create incursion events between the blade and abradable samples, at rates ranging from 0.1 to 2000 mm/s at intervals of 0.1 mm/s. The incursion conditions for a given test are set with a programmable stage controller prior to the test commencing.
During a given test, stroboscopic imaging is used to characterise the blade tip at the top dead centre position. 13, 15 This technique is used to measure the change in length of the blade during the incursion event. As shown in Figure 1(b) , an arm is mounted onto the disc and interrupts a light gate each time the disc rotates. This signal is used to trigger a high energy-short duration LED flash as the blade passes top dead centre. In this way, images of the moving blade can be captured using the CMOS camera, with minimal motion blur.
The contact force between the blade and abradable coating during the incursion has been measured using a piezo-electric dynamometer, located below the abradable sample (Figure 1(b) ). The measurement system is capable of measuring both the normal and tangential components of the contact force from a given blade strike without the need for dynamic compensation, 15 and has a measurement range of AE 30 kN and AE 5 kN in the two directions, respectively. Additionally, the coating temperature is also measured using an optical pyrometer, which operates with a spectral range of 2.3 mm and is capable of measuring temperatures from 150 C to 1000 C. As shown in Figure 1(a) , during each test the coating temperature is measured at a single point on the abradable surface, and is used to monitor the temperature of the coating throughout the test.
The incursion rate during a given test is controlled using Labview (National Instruments, Labview 2009), which is also used to capture the blade images from the camera, as well as the force and temperature measurements during the test. In this way changes in blade length indicative of wear or adhesive transfer along with corresponding contact forces and coating temperature, can be determined at any point in the programmed incursion.
Additionally, material sectioning was also performed on the test specimens. This is undertaken on unused samples to characterise differences with respect to structural composition, as well as on abraded specimens where the material response to the incursion is investigated. In the latter case, sections are taken in both the longitudinal and transverse directions with respect to the rub surface. 15 Microscope samples were vacuum impregnated with low viscosity epoxy resin before grinding and polishing.
Test samples and preparation
An abradable material consisting of an aluminiumsilicon metal matrix, and a hexagonal boron nitride dislocator (AlSi-hBN) was thermally sprayed onto a flat steel plate to a nominal thickness of 3 mm. In this material, the metal matrix provides erosion resistance while the hBN allows the material to wear easily on contact with the blade. The coating was sprayed at two different values of hardness, representative of typical values used in aero-engine compressors. The difference in hardness between the two sample sets was achieved by modifying the thermal spraying parameters, as detailed in the subsequent section.
A given sample was then mounted onto the microscope stage, and incurred against a flat titanium blade, at a pre-determined set of incursion conditions. The titanium blades were manufactured to a thickness of 2 mm from Ti-6Al-4 V, and had a nominal length of 25 mm. Prior to testing the length and weight of each blade was recorded.
Material hardness and thermal spray parameters
Typically, AlSi-hBN abradable materials used in aero-engine compressors are manufactured to hardnesses in the range of 45-75, measured on the Rockwell R15Y hardness scale. 11 In this study, the thermal spray parameters were modified to produce samples close to the upper and lower limits of typical usage, R15Y 55 and 73, respectively. Spraying was performed using a Sulzer Metco F4 9MC system, 11, 16 with argon and hydrogen used as the primary and secondary gas flows, respectively.
For a given powder feedstock, the properties of the coating produced in a plasma spraying process are primarily dependent on the deposition rate, 11, 16 which in turn is a function of powder flow rate, the current input and associated ionisation temperature, spray distance, and the primary gas flow. 6, 7 As shown in Table 1 , these parameters were modified to achieve deposition rates capable of producing coatings at the required hardnesses for this study.
Material characterisation
The hardness of the two sample sets was measured using a Rockwell R15Y hardness indenter, and were found to be 55 AE 2.5 and 73 AE 2.2, respectively. Figure 2 shows microscope images of the softer coating in the as sprayed state. The aluminium-silicon phase is white, the hexagonal boron nitride dark grey and the porosity black.
The distinction between porosity and hexagonal boron nitride in Figure 2 is not clear. Therefore, in order to investigate how the fractions of the constituent phases have changed with hardness, the microscope images of the coatings were investigated using image segmentation. [17] [18] [19] In addition to the light field images shown above, images were taken using crosspolarised light. 20 As the hBN is crystalline it rotates the plane of polarisation and is clearly visible, 19 this is shown in Figure 3 . A binary threshold was then applied to the light field and cross-polarised images to map the aluminium-silicon and hBN phases, respectively. Threshold values were automatically generated to minimise inter class variance, 21 with the mean effectiveness metric 0.91 AE 0.0066 for the light field images and 0.85 AE 0.025 for the cross-polarised images, respectively. The remaining area after identification of the aluminum-silicon and hBN phases was then considered as porosity. Figure 4 shows the completed analysis for the R15Y 55 hardness sample. Using these images, the volume fractions of the different constituent phases were analysed using Image J 22 and Matlab. The influence of the metallographic preparation of the samples with respect to over estimating porosity due to opening cracks in the metal phase was also investigated. Images were opened, which in turn identified globular porosity and allowed an adjustment to be made with respect to the fractions of porosity and aluminium-silicon, respectively. 23 However, in this case, the influence of the preparation was found to be negligible.
Six adjacent areas of each coating were compared to give an overall result for coating composition. This is necessary as the phase distribution is semi random with some areas of the harder coating appearing similar to the bulk of the softer coating and vice versa. Table 2 shows the volume fractions of the constituent phases for the two different coatings investigated. As shown in the table, at the lower hardness the volume fraction of hBN and porosity is higher, with the corresponding fraction of Al-Si lower. In the following investigation, the effect of both this hardness change, along with the differences in the constituent phases, will be investigated in terms of abradability performance.
Test parameters
Tests were performed at a blade tip speed of 100 m/s and incursion rates of 3.4, 34 and 344 mm/s. These test parameters were selected as they had been previously identified as generating similar wear mechanisms to those observed in aero-engines. A single blade tip speed was chosen, as incursion rate had also been previously highlighted as the dominant parameter with respect to the wear mechanism. [13] [14] [15] In all of the tests, the incursion depth was constant at 2 mm, and was limited by the thickness of the coating samples. Based on the incursion rate and depth, the incursion rate per pass along with the total length of the rub can be calculated for the different tests performed (Table 3) . With respect to the theoretical rub length, L(t), it should be noted that this is a combination of the incursion rate (m/s), incursion depth (mm) and the blade tip radius. 13, 15 Results
Wear mechanism
In the following section, the wear mechanisms observed for the two coatings at each set of incursion conditions are detailed. As shown in Table 4 , at low incursion rates the wear mechanism was found to be hardness dependent. In the case of the softer coating (R15Y 55) significant blade wear was evident, while for the harder coating (R15Y 73) adhesive transfer was observed from the abradable coating to the blade. Conversely, at the highest incursion rate tested, both coatings exhibited good cutting. The wear mechanisms presented above are in line with findings previously published by our group 13 and other researchers working on similar coatings.
2,5 Figure 5 shows the blades and abradable sample at the end of the tests performed with the soft and hard coatings. The blade from test 1 (0.02 mm/pass R15Y 55) shows significant thermal damage, with thermal discolouration of the titanium. Significant wear of the blade is also observed, with a dark grey transfer film on the surface of the abradable. It should also be noted that as a consequence of the reduced blade length, the rub length is lower than the predicted value, with a reduced arc of contact visible on the sample.
Conversely the blade from test 4 (0.02 mm/pass R15Y 73), adhesive transfer from the abradable coating to the blade has occurred. However, there is also a point of thermal damage close to the edge of the blade sample. The corresponding abradable surface is also grooved due to the transfer, with the high point on the coating corresponding to the area of thermal damage and wear on the blade. A dark grey transfer film also appears present in this area. The blades and abradable samples post-test at the intermediate (0.2 mm/pass) and high (2 mm/pass) incursion rates for both hardnesses show similar behaviour, with minimal blade wear and well cut surfaces on the abradable material.
Based on the observations presented it appears hardness of the abradable samples has a significant influence on the wear mechanisms occurring during the incursion. In the following sections the adhesive transfer and blade wear found at low incursion rates will be investigated.
Material transfer
An energy-dispersive X-ray fluorescence (EDXRF) spectrometer (Fischerscope X-RAY XAN 250, Fischer Instrumentation, Lymington, UK) has been used to analyse the blade and abradable samples in terms of the photon count per second at a given energy level, and the elements these correspond too. Figure 6 shows a spectrum recorded for the soft abradable at low incursion rate (0.02 mm/pass R15Y 55) where titanium transfer was observed, and was performed at 50 kV using a nickel primary filter with an anode current of 1000A to obtain the measurement. As shown in the figure, titanium and vanadium (comprising of two peaks as a result of both Ka and Kb emissions) were identified as present on the surface of the abradable sample, and have been transferred from the blade. A similar measurement was also performed on the low incursion rate test with the hard abradable (0.02 mm/pass, R15Y 73) at the edge of the rub track. This location corresponds to an area of thermal damage on the blade, and was also identified as titanium transfer. The adhesive transfer to the blade observed in Test 4 was also investigated using EDXRF in this case at 10 kV with no filter and an anode current of 1000 A ( Figure 7 ). As shown in the figure, aluminium and silicon found in the coating are evident in the adhered material, along with titanium and vanadium present in the blade. This suggests the adhered material is a mixture of both the blade and coating. However, as the photon count in relatively low as consequence of the low atomic numbers of the elements, and a small amount of aluminium is also present in the titanium 6-4 used to manufacture the blades, it is difficult to determine the relative fractions of blade and coating material present, and the sample was further investigated using SEM combined with EDX analysis. Table 5 shows the results of the EDX analysis, where a series of 10 measurements have been recorded using a 30 mm diameter sample area, and an average performed. As shown in the table, the aluminium and silicon phases represent a large proportion of the measurement indicating that the adhered material is primarily due to pick up from the coating, with only a small amount of blade material present highlighted by the relative weight fraction of titanium present.
Stroboscopic imaging, force and temperature measurement
The stroboscopic imaging technique allows the blade length change to be measured during a test. Images captured using this technique are segmented, despeckled and converted to binary, and the coordinates of the blade profile determined. [13] [14] [15] Figure 8(a) , at an incursion rate of 0.02 mm/pass the blade shows initial adhesive behaviour before being continually worn by the soft coating. Conversely, as shown in Figure 8 (d) at the same incursion conditions but with a harder abradable, adhesion occurs. Similar results are also observed at an incursion rate of 0.2 mm/pass, when comparing the soft (Figure 8(b) ) and hard (Figure 8(e) ) abradable coatings; however, the magnitude of wear and adhesive events are now reduced. Finally, at an incursion rate of 2 mm/pass, minimal changes in blade length are observed corresponding to good cutting for both hardnesses of coating. Table 6 shows a summary of the force and temperature measurements obtained during the different tests. As the aim of this investigation is to consider global differences in abradability behaviour in response to changes in material hardness, average normal and tangential cutting forces along with average and maximum temperature are presented.
As shown in Table 6 , differences in force and temperature were observed for the two abradables investigated. In particular, these differences were more pronounced at the lowest incursion condition. In the case of the soft abradable, both normal and tangential forces were higher, along with average temperature. As the incursion rate is increased and cutting starts to occur, normal and tangential forces along with force ratio are lower for the soft abradable compared to the hard case, suggesting an increased ability to dislocate due to the higher hBN content. At both the intermediate and high incursion rates, temperatures remain similar or slightly higher for the soft abradable.
Material sectioning
Previous research has linked the cutting force to material behaviour, and more specifically consolidation of the abradable. 15 Figure 9 shows the sections of the softer (Figure 9 (a) to (c)) and the harder ( Figure  9 (d) to (f)) coating. As shown in Figure 9 (a), for the softer abradable at the lowest incursion rate, compaction appears to occur, with distortion of the hBN particles evident. The titanium transfer layer from the blade is also clearly shown on the surface of the abradable. Compaction in the softer abradables is consistent with the high normal forces and temperatures recorded at low incursion rates, indicating a failure to dislocate and cut efficiently. As shown in the remaining material sections (Figure 9(c) , (e), (f)), with higher incursion rates both abradables cut well with fractured hBN particles evident close to the surface.
To investigate the compaction further ten images were taken from each section as well as ten from an as sprayed coating. A threshold was taken at an automatically chosen level, as described above, to give a map of the metal phase this was then split into strips so the compaction could be quantified at different depths below the rub surface. The results, summarised in Figure 10 , were analysed by a two way ANOVA with Bonferroni's correction for multiple comparisons. Significant (p < 0.01) compaction was observed in the softer coating at both 0.02 and to a lesser extent at 0.2 mm/pass to a depth of 590 mm. No significant compaction was seen in the softer coating at 2 mm/ pass or for the harder coating at any of the incursion conditions tested. As previously discussed, adhesive transfer was not uniform along the blade tip and areas of thermal damage were also observed ( Figure 11) . A section of the abradable sample was taken coinciding with the area of thermal damage on the blade and the associated titanium transfer to the abradable (Figure 11(b) ).
As shown in Figure 11 , it is interesting to note that a high concentration of hBN exists in the sub-surface of the abradable sample in this region, and suggests that the local composition of the abradable sample may influence the wear mechanics observed for a given portion of the blade tip.
Overall abradability
In the previous section, the response of two different abradables has been investigated at a range of incursion rates. As discussed, significant differences with respect to cutting behaviour have been highlighted at the low incursion rate condition. In the case of the soft abradable, wear of the blade occurred, with corresponding high forces and temperatures, coupled with titanium transfer and compaction of the abradable. Conversely for the hard abradable, force and temperature were reduced, with adhesion of abradable material to the blade tip, coupled with some consolidation of the coating. In the following section, the thermal behaviour of the two abradables will be further explored to investigate the differing response of the two materials.
Thermal properties of the coatings
As discussed, in order to change the hardness of the abradable sample, the constituent fractions of aluminium-silicon, hBN and porosity are varied. The effect of these changes has been investigated both in terms of the overall thermal diffusivity and conductivity through experimental investigation, as well as on a more local level via a finite element model.
Thermal conductivity
Freestanding samples of the abradable materials (10 Â 10 Â 2 mm 3 ) were prepared for thermal analysis. The thermal properties of the samples were measured using a laser-flash-based approach, 24 and was performed by LINSEIS (LINSEIS Messgera¨te GmbH, Vielitzerstraße 43, D-95100 Selb, Germany). The apparatus measured specific heat capacity, density and thermal conductivity of the samples over the temperature range 30-500 C, at 100 C intervals. Figure 12 shows the experimental result of the thermal conductivity measurement for both abradable samples with respect to temperature.
Additionally, Table 7 shows the average thermal properties of the two abradables. As shown by these two results, the thermal properties of the softer abradable are significantly worse, with the softer abradable likely to retain more heat as a consequence of an incursion event. This result goes some way to explaining the increased wear seen for the softer abradable sample, as heat will remain close to the surface for longer than with the harder material.
Thermal model
In order to further investigate the change in properties between the different hardnesses of abradable an image-based finite element model has been created. The image processing described above was used to create a map of phases in the microstructure as shown in Figure 4 (c). This map was converted into a finite element model such that 1 pixel in the original images became one element in the model as described by Bolot et al. 25 The elements were then given the relevant material properties as shown in Table 8 . Elements of hBN were randomly split into 36 sets and assigned orientations from 0 to 175 . For both hardnesses, six models were created from different image pairs, with each model having an area of 1000 pixels (e.g. 579 mm
2 ). Inter splat boundaries in the metal phase have not been modelled due to difficulties determining material properties, and observing such fine elements of the microstructure while still sampling a large enough area to be representative. This approach is consistent with previous work in the field. 25, 26 The models were initialised with a temperature profile similar to that which would be expected after a rub or during the laser flash thermal diffusivity experiment. 24 The top 2% of the model was given a starting temperature of 50 C with the rest of the model starting at 0 C. As validation the temperature of the bottom surface was monitored as in the laser flash method 24 and the thermal diffusivity of the model was calculated from this. A comparison of the average modelled result with the experimental data at 30 C is shown in Figure 13 . As shown by Figure 13 , the model can only account for around 85% of the change from the bulk value of AlSi used, as the inter splat boundaries have not been modelled, with this result comparing favourably with other, similar models. 29 The trend in the results is consistent between the experimental and modelled values, and indicates that the effects that are responsible for the change in behaviour between the two hardnesses investigated have been modelled successfully.
Temperature results from the models, such as that shown in Figure 14 , show areas with very high temperature gradients indicating barriers to heat flow at the boundary between the hBN and the metal phase (as indicated in Figure 14 ). This is due to thin pores that separate the hBN from the metal. As the harder abradable contains less hBN this explains the moderate change in porosity between the two hardnesses of coating and causes the change in diffusivity and heat flow as observed in Figure 14 . Additionally, as previously discussed the softer abradable is particularly prone to increased consolidation at low incursion conditions, and exhibits higher normal forces as a consequence. This increased energy input, when combined with poor thermal diffusivity leads to contact temperatures sufficient to soften the titanium blade. This evidenced through both the identified deposition of blade material on the abradable, as well as the low tangential cutting forces, indicative of a lubricious Figure 13 . Average thermal diffusivity from the models with standard error and measured thermal diffusivity at 30 C, n ¼ 6 (model -model p < 0.05). The temperature results from the models also show the effect of the material's highly heterogeneous thermal properties on the surface temperature. Some areas of the surface are able to dissipate heat quickly; however, where hBN is close to the surface the heat is trapped by the porosity described above leading to hot spots on the surface (as indicated in Figure 14) . Going back to the result for the higher hardness abradable at low incursion rate, this goes some way to explaining the mixture of adhesion and wear observed across the blade profile, where the area of thermal damage on the blade corresponds to a local increase in hBN concentration. This variation is a consequence of the nature of the thermal spraying process, and whilst a nominal hardness and thermal diffusivity is reached for a given sample, localised wear events may still occur as a consequence of the distribution of the constituent phases present. This is highlighted in Figure 11 , showing that, even on hard coatings, a locally high concentration of hBN can lead to thermally driven wear, where adhesion was otherwise present.
Discussion
The study has shown that at low incursion rates, significantly different wear mechanisms exist for the two hardnesses. The harder coating produced adhesive transfer from the abradable specimen to the blade whereas low hardness samples showed evidence of compaction of the abradable and extensive wear of the blade. At intermediate and high incursion rates, good cutting was generally observed at both hardnesses with some compaction present in the softer abradable at the intermediate incursion rate.
The mechanisms summarised above are in line with those observed in other studies of the same or similar rubs. 2, 5, [13] [14] [15] 20 However, where previous studies have found either blade wear or adhesive transfer at low incursion rates depending on the abradable used, in this work both mechanisms have been produced on abradables from the same powder. This step adds a dimension to the wear maps previously produced and highlights the importance of the highly variable abradable properties in both wear testing and service.
The reason for the changes in wear mechanism produced by coatings of different hardnesses has also been investigated. Significant differences in the coating microstructure have been observed and previously linked to spray parameters and erosion resistance. 11 In this study, the thermal properties of the coating have been linked to these microstructure changes through diffusivity measurements and microstructure modelling of the coatings. These techniques have shown the main barriers to heat flow in the coatings to be the hBN-AlSi boundary. Modelling the coatings has also shown the effect of the highly inhomogeneous microstructure and it's propensity to produce hot spots near the rubbing surface in areas with a high concentration of hBN near the surface.
Thus the change in wear behaviour with microstructure as well as variations in wear mechanism across the width of single test samples has been explained. The blade wear observed for the soft abradable is attributable to poor heat dissipation from the blade contact, and is a consequence of poor conductivity at the boundaries between the hBN and the AlSi phase. Local blade wear events observed for the high hardness sample, may also be a consequence of local hBN concentrations inherent to the structure of the thermally sprayed abradable material.
The possibility for the thermal diffusivity of the abradable to drive the wear mechanism of the rub has previously been suggested; 30 however, difficulties in modelling the contact and confounding of thermal and other properties have made it impossible to predict weather this actually happens. It is the main finding of this study that, at low incursion rates, the wear mechanism is dictated by the thermal properties of the abradable and that the range of properties needed to produce either adhesion or severe blade wear is contained within the most commonly used specifications of these materials. Thus in service engines should expect to encounter both mechanisms depending on the spray parameters used.
Further work modelling these coatings should aim to determine the influence of cracks and pores in the metal phase of these coatings as it is clear that without taking these into account the coatings cannot be modelled perfectly.
Conclusions
The purpose of this study was to investigate the effect of abradable hardness on the wear mechanisms produced by a tip-shroud rub. To this end a series of tests have been performed on abradable samples of two different hardnesses, over a range of incursion conditions. These tests have shown the hardness of the abradable dictates the wear mechanism at low incursion rates.
This effect has been linked to the relatively poor thermal diffusivity of low hardness abradables. The thermal properties of the abradables have further been shown to be dependent on the microstructure produced during the thermal spraying process with the boundary between hBN and AlSi phases creating a barrier to heat flow.
Some evidence has also been found to suggest that variation in wear mechanism across the width of the blade is due to areas of high hBN concentration. These areas could adversely affect the local thermal properties of harder coatings producing hot spots on the surface of the abradable causing the blade to soften and wear.
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